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We discuss a network of Kitaev wires coupled to several individually-tunable quantum dots as an
extension of the recent experiments on a quantum dot coupled to a nanowire hosting Majorana zero
modes [Deng et al. Science 354 1557 (2016) and Deng et al. arXiv:1712.03536 (2017)]. The setup
features localized Majorana modes with exact zero energy and we show that they can be manipulated
by solely acting on the quantum dots. A braiding process can be obtained by arranging three wires
as a trijunction and a charge readout of the quantum dots can be used to reveal the non-Abelian
statistics of Majorana zero modes. The setup can be scaled up to serve the more advanced purposes
of topological quantum computation.
I. INTRODUCTION
After their introduction in 1937 in the context of
the relativistic Dirac equation1, Majorana fermions have
recently experienced a renewed interest for their rele-
vance in the description of some low-dimensional and
superconducting topological models2–9. In this context,
they typically bind to defects (e.g. vortices in the p+ip
model10) or to boundaries between topological and non-
topological phases (e.g. at the edges of Kitaev’s chain11);
they are zero-energy modes whose appearance is topo-
logically protected from small perturbations. Remark-
ably, Majorana zero modes (MZM) exhibit an exchange
statistics that is neither bosonic nor fermionic: they are
non-Abelian anyons and as such they imply a degeneracy
of the many-body ground state12.
The topological protection of MZMs gave them a very
special status: they lie at the heart of current propos-
als for hardware-based fault-tolerant quantum compu-
tation13–23. Their non-Abelian statistics can be used
to perform non-trivial operations on the ground states
through the adiabatic exchange of two anyon positions,
which is described by their braiding group24–36. Since it
is not sufficient for performing universal quantum com-
putation, it has been suggested that projective measure-
ments could be used to implement the missing gates37–39.
There have been important experimental progresses in
the recent years regarding the realization and observa-
tion of MZMs in solid-state devices. The community
has focused on hybrid semiconductor-superconductor se-
tups40–52 and chains of magnetic adatoms coupled to con-
ventional superconductors53–59. The recent proposals for
MZMs in two-dimensional electron gases proximitized to
superconductors promise a new generation of platforms
significantly less affected by disorder60,61. Yet, discerning
MZMs from the variety of phenomena producing sub-gap
states is still an experimental challenge62,63.
In order to distinguish topological and trivial excita-
tions without performing braiding, it has been suggested
that a quantum dot (QD) could be used as a probe of
the non-locality of MZM64–70. The key idea is to al-
ter the zero-bias conductance measurements by adding
a tunable QD between the lead and the wire: the entire
conductance pattern observed as the dot is tuned through
resonance provides information about topological prop-
erties. The successful experimental realization of such
a device and the characterization of the non-local na-
ture of the zero-energy excitation50,51 demonstrate that
nanowires coupled to QDs are an experimentally prac-
tical and promising route for the study and exploit of
electronic liquids supporting Majorana zero modes.
In this work, we show that such experimental setups
can also be employed for performing braiding operations.
We demonstrate this by studying a network of Kitaev
wires, each one connected to one or more QDs, and show
that they host exact MZMs that can be controlled and
transported at will by only manipulating the QDs. Addi-
tionally, the QDs serve the purpose of parity readout71,
which is necessary for obtaining the experimental con-
firmation that the braiding process occurred. By mea-
suring the parity of the total charge of two neighbouring
QDs, and considering larger networks with a more com-
plex structure, it is possible to scale up the system with
the objective of topological quantum computation.
This article is organized as follows: in Sec. II we briefly
recall some results on Kitaev’s wire coupled to a QD. In
Sec. III we discuss how to braid the MZMs that appear
in such setup and how to measure the outcome of such
operation using QDs. In Sec. IV we outline the scale-up
of such protocol to the realization of topological quantum
computation in QD-controlled circuits. Our conclusions
are presented in Sec. V.
II. A KITAEV WIRE COUPLED TO A
QUANTUM DOT
In this section we consider a tunable QD which is
tunnel-coupled to the left edge of a Kitaev wire, a setup
that has been theoretically studied in Ref. 64, and also in
ar
X
iv
:1
80
5.
09
33
0v
1 
 [c
on
d-
ma
t.m
es
-h
all
]  
23
 M
ay
 20
18
2 
𝛾 𝐿 𝛾 𝑅 
𝜏𝐿 
𝜏𝑅 
𝑡1 
𝛼  𝛽  𝑎 1 𝑎 2 𝑎 𝐿 
𝑑  
FIG. 1. Scheme of the QD-wire setup: a QD with a single
fermionic mode is connected to the first site of a Kitaev wire
through a real hopping amplitude t1. The low-energy sub-
space is described by four Majorana modes αˆ, βˆ (QD) and
γˆL, γˆR (wire, exponentially localized at the edges). The effec-
tive couplings τL,R between the QD and the wire are defined
in Eq. (2) and shown in the figure.
the more experimentally-relevant spinful case in Ref. 65.
We briefly review some of their results and stress that
thanks to the tunability of the QD it is always possible
to have Majorana modes with exactly zero energy.
A. Effective model
We model the QD with a single fermionic mode using
canonical operators dˆ(†); the Kitaev wire has length L
and its fermionic modes are described by the operators
aˆ
(†)
j , j = 1 . . . L. The full Hamiltonian reads (see Fig. 1):
HˆQD-K = ed dˆ
†dˆ− t1
(
dˆ†aˆ1 + aˆ
†
1dˆ
)
+ HˆK ; (1)
HˆK =
L∑
j=1
{(
−taˆ†j aˆj+1 −∆aˆj aˆj+1 + h.c.
)
− µ aˆ†j aˆj
}
;
where ed is the tunable energy of the QD, t is the hopping
term of the wire, ∆ = |∆|eiφ its pairing term and µ
its chemical potential. Without loss of generality t1 is
taken real. For |µ| < 2t and ∆ 6= 0, Hamiltonian HˆK
exhibits topological subgap states, which are Majorana
modes exponentially localized at the left and right edges
of the wire, γˆL and γˆR; for a finite length L, they have
an exponentially-small energy ε ∼ e−L. We assume to
be in this topological phase.
In order to capture the low-energy behaviour of the
full system, it is sufficient to consider the coupling of the
QD to the edge states of the wire. We perform a gauge
transformation on the dˆ(†) so that, by decomposing it
into two Majorana fermions αˆ = dˆ+ dˆ†, βˆ = −i(dˆ− dˆ†),
we get (see the sketch in Fig. 1):
HˆeffQD-K = i
(
ξ αˆβˆ + ε γˆLγˆR + τL βˆγˆL + τRαˆγˆR
)
, (2)
where ξ = ed/2. Terms proportional to the identity have
been omitted and the expression is particularly simple
because Hamiltonian (1) is unitarily related to a time-
reversal invariant one. The effective couplings τL and τR
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FIG. 2. The bowtie, asymmetric and diamond patterns ob-
served in the model (2) when the QD energy ξ crosses zero.
Far from ξ = 0, the linear dispersion (solid blue) corresponds
to the QD energies, and the split levels (dashed red) corre-
spond to the γˆL,R of the wire. The patterns are observed both
with the effective model (plotted here) and with the full micro-
scopic Hamiltonian (1) (not shown). Assuming |τR|  |τL|,
couplings are extracted as follows: ε is the energy splitting of
the Majorana γˆL,R far from resonance, 2|τL| is the minimum
gap between the solid blue lines, the position of this mini-
mum sets the origin for ξ, and finally τR is obtained from the
zero-energy crossing predicted by Eq. (3).
depend on the projection of γˆL and γˆR on the first site
aˆ1 of the wire, and can be chosen real; clearly, τR ∼ e−L.
Because this Hamiltonian describes the sub-gap physics,
we implicitly assumed ξ, τL, τR, ε EG, where EG ∼ |∆|
is the energy gap of the many-body system.
Three different patterns, dubbed bowtie (ε 6= 0, τR =
0), asymmetric (ε 6= 0, τR 6= 0), and diamond (ε =
0, τR 6= 0) can be observed and are shown in Fig. 2. They
exhibit a zero-energy crossing, indicating a parity switch
of the many-body ground state, occurring exactly at (see
Appendix A):
ξc = −τLτR
ε
. (3)
For the fine-tuned diamond case where the energy split-
ting ε between the two Majorana bound states vanishes,
|ξc| → ∞. All three patterns can be recovered from the
microscopic Hamiltonian in Eq. (1). The effective cou-
plings used in Eq. (2) can be extracted through spec-
troscopic (non-linear conductance) measurements as re-
cently observed by Deng et al.50,51.
The parity switch of the ground state occurring at ξc
can be understood in terms of charge transport from the
dot to the wire. As ξ is adiabatically tuned from −∞ to
+∞ during a period T (sent to +∞ for a truly adiabatic
evolution), the QD which was initially charged unloads
into the wire. At t = 0 and t = T the dot and the wire
are effectively uncoupled, and both subsystems have a
3definite parity:
t = 0 : Pˆd = iαˆβˆ = 1 Pˆw = iγˆLγˆR = χ
t = T : Pˆd = −1 Pˆw = −χ
(4)
where χ = −sgn(ε). Because the total parity Pˆ = PˆdPˆw
is conserved by the Hamiltonian, the final wire parity
must be −χ. This protocol adiabatically drives the sys-
tem into an excited state similarly to what occurs in the
4pi Josephson effect. Note, however, that Pˆw is reversed
here, whereas it remains unchanged in the Josephson
setup.
B. Exact MZMs
In the most general case, a finite Kitaev wire does
not host true zero-energy states (called MZMs) since
ε 6= 0. However, the effective model (2) is degenerate
for ξ = ξc, and therefore hosts a pair of MZMs, denoted
below γˆ1 and γˆ2 (MZMs always come in pairs because of
the particle-hole symmetry of the Bogoliubov-de Gennes
Hamiltonian). Thus, a tunnel contact to a quantum dot
with a tunable orbital energy can induce genuine MZM,
later needed for topologically-protected quantum opera-
tions.
In order to gain further insights on the spatial position
of γˆ1 and γˆ2, we first consider the simplest case ε = 0
and τR = 0, so that the Hamiltonian
HˆeffQD-K = iξ αˆβˆ + iτL βˆγˆL, (5)
decouples the Majorana fermion γˆR: γˆR is a MZM and
we arbitrarily identify it with γˆ2. The other MZM is:
γˆ1 =
1
N
(
γˆL +
τL
ξ
αˆ
)
, N =
√
1 +
(
τL
ξ
)2
, (6)
whose spatial localization is controlled by the QD energy
ξ; for instance γˆ1 = γˆL when |ξ| → ∞ and γˆ1 = αˆ when
ξ = 0. This ability to move the MZM from the wire to the
QD by tuning the QD energy ξ is the key to the braiding
and readout procedures presented in this article. Note
also the spatial separation of γˆ1 and γˆ2.
In the general case, namely the asymetric configuration
in Fig. 2, the effective Hamiltonian (2) exhibits two MZM
at ξ = ξc given by
γˆ1 =
1
N1
(
αˆ− τR
ε
γˆL
)
, N1 =
√
1 +
(τR
ε
)2
, (7a)
γˆ2 =
1
N2
(
γˆR +
ε
τL
βˆ
)
, N2 =
√
1 +
(
ε
τL
)2
. (7b)
In the bowtie configuration, τR vanishes and thus ξc = 0.
Setting the QD energy to zero ξ = 0 in the Hamilto-
nian (2) decouples αˆ and thus localizes the first MZM on
the QD (γˆ1 = αˆ); this is in agreement with Eq. (7a).
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FIG. 3. Left: Transport of a MZM from γˆ1 to γˆ2 through
γˆ′ by tuning the couplings τ1,2. Because the total number of
Majorana fermions is odd, a MZM must exist at all times.
At t = 0, τ1 = 0 and the MZM is strictly localized on γˆ1;
similarly, at t = T , τ2 = 0 and the MZM is strictly localized
on γˆ2; at intermediary times t = T
′, the MZM is delocalized
among γˆ1 and γˆ2. Provided that the couplings are tuned
adiabatically, and that the gap of the higher energy levels does
not close, γˆ2(T ) = ±γˆ1(0) which corresponds to the transport
1 → 2. Right: Generalization of the protocol amounting to
the transport of a MZM from γˆ1 to γˆ2 through a network
of N Majorana fermions γˆ′j (N odd). Once again, the total
number of Majorana fermions is odd, ensuring the existence
of a MZM at all times.
For simplicity, we will set τR = 0 in the remainder of
this paper. For non-zero τR, the localization of the first
MZM is not exactly on the QD (still it remains in the
vicinity), as given by Eq. (7a), but ξ = ξc still enforces
MZMs.
III. BRAIDING MZMS WITH QDS
In this section we discuss how to braid the MZMs that
we identified above. We first present a generic argument
concerning the adiabatic transport of MZMs and then ex-
plicitly apply it to a trijunction where their non-Abelian
statistics can be revealed through braiding.
A. Transporting Majorana fermions
We employ an argument due to Kitaev (see Sau et
al.26) in order to show how topologically-protected trans-
port of Majorana fermions can be achieved with tunable
QDs. By topological protection, we mean that the final
state after an adiabatic evolution is only dictated by the
final and initial conditions and does not depend on the
intermediate details.
We begin with a simple example by considering three
Majorana fermions γˆ1, γˆ2 and γˆ
′ connected by time-
dependent couplings:
Hˆ1→2(t) = iτ1(t)γˆ1γˆ′ + iτ2(t)γˆ2γˆ′ (8)
4and represented in Fig. 3, left panel. A fourth Majorana
mode is implicitly assumed to be at zero energy, uncou-
pled and unperturbed during the whole time evolution.
As discussed in Sec. II B, particle-hole symmetry dictates
that MZMs come in pair, and therefore there is an ad-
ditional MZM which is a combination of γˆ1, γˆ2 and γˆ
′
and the ground state is twofold degenerate at all times.
The procedure starts at time t = 0 with τ1(0) = 0 and
the MZM localized on γˆ1; it ends at time t = T with
τ2(T ) = 0 and the MZM localized on γˆ2 (see Fig. 3, left
panel). We assume that the two higher energy states are
gapped out during the entire process, and that the cou-
plings τ1,2(t) are tuned adiabatically, so that the system
remains in the ground state of Hamiltonian (8).
We discuss time evolution in the Heisenberg picture
and use the superscript (H) for Heisenberg operators, in-
cluding the Hamiltonian. Since the Hamiltonian Hˆ
(H)
1→2(t)
and the parity operator72 Pˆ (H)(t) = iγˆ1(t)γˆ2(t)γˆ
′(t) com-
mute at all times, it holds that Pˆ (H)(T ) = Pˆ (H)(0).
Adiabatic evolution implies that an initial ground state
|Ψ0〉 of Hˆ1→2(0) remains a ground state of Hˆ(H)1→2(t) at
all times. Hence we have, at initial and final times,
iγˆ2γˆ
′ |Ψ0〉 = −sgn[τ2(0)] |Ψ0〉 ,
iγˆ1(T )γˆ
′(T ) |Ψ0〉 = −sgn[τ1(T )] |Ψ0〉 .
(9)
Combining this result with parity conservation, we find:
γˆ2(T ) |Ψ0〉 = ±γˆ1(0) |Ψ0〉 ; (10)
where the sign depends on the microscopic details of the
Hamiltonian (here, it is sgn[−τ1(T )τ2(0)]). Eq. (10) is
interpreted as the adiabatic transport of a MZM from
γˆ1 to γˆ2. Note that the same proof holds if the system
is initialized in one of the two excited states |Ψe〉, and
Eq. (10) is therefore true at the operatorial level, i.e.
γˆ2(T ) = ±γˆ1(0).
This scheme can be generalized to the case of the trans-
port of a MZM from γˆ1 to γˆ2 through an arbitrary net-
work involving an odd number of Majorana fermions γˆ′j ,
j = 1 . . . N , where N odd ensures the existence of a MZM
(see Fig. 3, right panel). Again, we are implicitly assum-
ing the existence of an additional MZM γˆ0 which never
appears in the Hamiltonian but ensures an even num-
ber of Majorana modes in the system. The Hamiltonian
reads:
Hˆ1→2({γˆ1,γˆ2, γˆ′j}, t) = Hˆ1→2,1({γˆ1, γˆ′j}, t)+ (11)
+ Hˆ1→2,2({γˆ2, γˆ′j}, t) + Hˆ1→2,3({γˆ′j}, t).
The first (second) term describes the coupling of the
MZM γˆ1 (γˆ2) to the Majorana modes of the network
{γˆ′j}. The third term is the Hamiltonian of the net-
work. Note that none of these operators is assumed to
be bilinear in the Majorana modes (they could also be
quartic); however, they all conserve the total fermionic
parity. Thus, [Hˆ
(H)
1→2(t), Pˆ
(H)(t)] = 0 at all times, where
Pˆ (H)(t) = γˆ1(t)γˆ2(t)
∏
j γˆ
′
j(t).
At t = 0, Hˆ1→2,1 = 0 and γˆ1 is uncoupled. The
two MZMs γˆ0 and γˆ1 commute with the full Hamil-
tonian Hˆ1→2 and thus generate the twofold degener-
ate ground state. We define the partial parity operator
Pˆe,1 = γˆ2
∏
j γˆ
′
j commuting with the Hamiltonian Hˆ1→2,
γˆ0 and γˆ1. It follows that any ground state |Ψ0〉 of Hˆ1→2
is an eigenstate of Pˆe,1 with eigenvalue χ1 = ±1. The
sign of χ1 depends specifically on the microscopic details
of Hˆ1→2 but remains the same within the ground state
subspace. In the particular case of quadratic Hamiltoni-
ans, χ1 is obtained by computing the sign of the Pfaffian
of the matrix defined from the Majorana pairwise cou-
plings11. Summarizing:
Pˆ (H)(0) |Ψ0〉 = γˆ1Pˆe,1 |Ψ0〉 = χ1γˆ1 |Ψ0〉 . (12)
At time t = T , γˆ2(T ) is uncoupled since Hˆ
(H)
1→2,2(T ) =
0. Since during the entire process there are two MZMs,
the ground state remains twofold degenerate. An adia-
batic evolution means that the initial ground state |Ψ0〉
is also a ground state of Hˆ
(H)
1→2(T ). Repeating the same
arguments as for t = 0, we introduce the parity op-
erator Pˆ
(H)
e,2 (T ) = γˆ1(T )
∏
j γˆ
′
j(T ) commuting with the
final Hamiltonian Hˆ
(H)
1→2(T ) as well as with the MZMs
γˆ0(T ) = γˆ0 and γˆ2(T ). One obtains:
Pˆ (H)(T ) |Ψ0〉 = −γˆ2(T )Pˆ (H)e,2 (T ) |Ψ0〉 = −χ2γˆ2(T ) |Ψ0〉 ,
(13)
where χ2 is the eigenvalue of Pˆ
(H)
e,2 (T ) over the ground
state subspace.
The parity conservation reads Pˆ (H)(T ) = Pˆ (H)(0)
leading to:
γˆ2(T ) |Ψ0〉 = −χ1χ2γˆ1(0) |Ψ0〉 , (14)
which corresponds to a MZM transport at the ground
state level, and where χ1,2 can be explicitly computed
for any specific example. If the process is adiabatic with
respect to all possible energy differences in the spectrum,
the same derivation holds for an arbitrary excited state
|Ψe〉.
B. Majorana trijunction
We now apply the generic principles of adiabatic trans-
port of MZMs outlined in the previous section to a tri-
junction24,26,29–31, the simplest setup for braiding MZMs.
The trijunction that we develop here braids MZMs by
only tuning QD energy levels, and its elementary con-
stituent is the QD-wire-QD setup displayed in Fig. 5 and
described by the Hamiltonian:
HˆQD-K-QD = HˆQD-K + e
′
dcˆ
†cˆ− t1
(
aˆ†Lcˆ+ cˆ
†aˆL
)
. (15)
Here, HˆQD-K is in Eq. (1), e
′
d is the energy level of the
right QD, and cˆ(†) is the fermionic annihilation (creation)
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FIG. 4. a) The Majorana trijunction. It is built by connecting three identical QD-wire-QD systems through a hopping term
t2. A compact representation in given in the upper right corner, where a line stands for a Kitaev wire, a circle for a QD, and a
triangle for 3 QDs connected by hopping terms; note that the trijunction we propose can in principle be realized with parallel
nanowires. b) The low-energy behaviour of this system is captured by a set of 18 Majorana fermions (see Eq. (20)). c) The
entire system amounts to 4 MZMs αˆ1, αˆ2, αˆ3 and γˆ0 connected to a network of 14 Majorana fermions by tunable couplings
ξj , ηj .
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FIG. 5. Scheme of a QD-wire-QD setup: two QDs with a
single fermionic mode are connected to the edges of a Kitaev
wire through a real hopping amplitude t1. The low-energy
subspace is described by six Majorana modes αˆ, βˆ (left QD),
µˆ, νˆ (right QD) and γˆL, γˆR (wire, exponentially localized at
the edges). The effective couplings τ between the QD and the
wire are defined in Eq. (16) and shown in the figure.
operator on this QD. For simplicity, both QDs are con-
nected to the wire by the same hopping term t1. The
associated low-energy effective model in the bowtie con-
figuration is:
HˆeffQD-K-QD = i
(
ξαˆβˆ + ηµˆνˆ + εγˆLγˆR + τ βˆγˆL + τ µˆγˆR
)
(16)
where µˆ and νˆ are the Majorana fermions of the right
QD, and where η = e′d/2. Note that we have changed the
notation τL used in Eq. (2) into τ to avoid confusions.
An important feature of Eq. (16) is that the coupling
between the right dot and the Kitaev wire only involves
the Majorana fermions µˆ and γˆR. In particular, setting
η = 0 automatically localizes a MZM on νˆ.
We now examine the trijunction pictured in Fig. 4,
panel a). It is built by tunnel-coupling the inner QDs of
three QD-wire-QD devices, as described by the Hamilto-
nian:
Hˆc = t2
(
eiφ12 cˆ†1cˆ2 + e
iφ23 cˆ†2cˆ3 + e
iφ31 cˆ†3cˆ1 + h.c.
)
; (17)
the phases depend on the microscopic details of the con-
tacts to the Kitaev wires, and they can be adjusted with
a magnetic flux threading the inner QDs. For simplicity,
the absolute values of the tunnel amplitudes are identical.
We begin our discussion by focusing on the inner part
of the trijunction:
Hˆ3QD = i
3∑
j=1
ηj µˆj νˆj + Hˆc. (18)
where cˆj =
1
2 (µˆj + iνˆj). For φ12 = φ23 = φ31 = pi/6
and ηj = −
√
3t2, the model hosts a fermionic zero-mode
1√
3
∑
j cˆj corresponding to two MZMs; one of them is
simply:
γˆ0 =
1√
3
3∑
j=1
νˆj . (19)
Importantly for the following discussion, it only contains
the Majorana operators νˆj . For generic values of the
phases φij and for absolute values of the tunnel ampli-
tudes that are not identical, one can still tune the energy
of the inner QDs so that a MZM is localized only on op-
erators νˆj , but the energies of the three QDs ηj will need
to be tuned to different values, dubbed ηj,0. However,
if φ12 + φ23 + φ31 = 0 mod(pi) an undesired degeneracy
appears, and if any of the phases φij vanishes, ηj,0 →∞.
These two latter situations should be carefully avoided
in an experiment; the following discussion is generically
valid for all other cases.
The low-energy description of the full trijunction in-
volves 18 Majorana fermions; the Hamiltonian, sketched
6in Fig. 4, panel b), reads
Hˆeff3-junct. =
3∑
j=1
Hˆ
eff (j)
QD-K-QD + Hˆc. (20)
For simplicity, the couplings in the different wires are
chosen to be identical except for the tunable QD ener-
gies ξj . Interestingly, at ηj = ηj,0, γˆ0 in Eq. (19) is not
coupled to the Kitaev wires by the hopping τ and thus re-
mains a MZM localized within the three inner QDs. We
conclude that for ξj = 0 and ηj = ηj,0, the MZMs αˆ1,
αˆ2, αˆ3 and γˆ0 decouple from the rest. The entire system
can be thought of as four MZMs {αˆj , γˆ0} connected to
a network of 14 Majorana fermions by tunable coupling
amplitudes {ξj , ηj}, as sketched in Fig. 4, panel c).
Note that the derivation of this simple picture only
requires that all energies involved in the effective Hamil-
tonian (20) are small with respect to the superconducting
gap of the wires; that is ε, τ, t2, ηj , ξj  |∆|. These condi-
tions are convenient for discussing the braiding procedure
presented in Sec. III C, but they can be further released:
if τ is increased, the MZMs start leaking into the wires
and are no longer strictly localized on QDs; however, the
system still features exact and (exponentially) localized
MZMs. For large values of ξj , ηj , the QDs are anyway
effectively decoupled from the modes αˆj , γˆ0, regardless of
their mixing with the bulk states of the wire. In the re-
cent experiments performed by Deng et al.50,51 on a QD
coupled to a Kitaev wire, |∆| ∼ 200 µeV, and |τ | ∼ 100
µeV (extracted from experimental data of Ref. 51). The
bowtie pattern of Fig. 2 has been reproduced experimen-
tally with |ε| appearing to be of the order of the µeV.
C. Braiding protocol
As depicted in Fig. 4 (c), we identified for the trijunc-
tion four MZM under the fine-tuned condition ξj = 0,
ηj = ηj,0. We now show that by moving away from this
point, we can implement transport of Majorana fermions
following the principles laid out in Sec. III A. We discuss
in particular a protocol braiding αˆ2 and αˆ3 by manipulat-
ing the QD energies. We tune ηj 6= ηj,0 during the whole
protocol: the system, illustrated in Fig. 6, is composed
of 3 MZMs αˆj connected to a network of 15 Majorana
fermions by three tunable couplings ξj . At the initial
time t = 0, we set ξ2 = ξ3 = 0, and ξ1 = ξmax 6= 0. The
precise value of ξmax is not important as long as it satis-
fies the condition ξmax  ∆. The modes αˆ2 and αˆ3 host
clearly localized MZMs and the ground state is doubly
degenerate.
The braiding protocol follows the one proposed in
Ref. 30 and consists in moving across the system one
MZM at each step, following the scheme explained in
Fig. 3, right panel. It requires 7 steps, which are summa-
rized in Table I and illustrated in Fig. 6: αˆ2 is moved to
position 1 (where αˆ1 was), then αˆ3 to position 2 and fi-
nally αˆ2 to position 3. The overall effect is to interchange
 1 2 3 
4 5 6 7 
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FIG. 6. Braiding procedure exchanging the positions of the
MZMs αˆ2 (red) and αˆ3 (blue). Couplings ξj are switched
between ξmax (coupling on, solid line) and 0 (coupling off,
dashed line) by tuning the QD energies. The entire protocol
is based on three replicas of the transport scheme of Fig. 3,
right panel. During the entire procedure, the ground state is
twofold degenerate. The QD energies ξj in steps 1 . . . 7 are
summarized in Table I.
Step ξ′1 ξ
′
2 ξ
′
3 αˆ1(t) αˆ2(t) αˆ3(t)
1 ξmax 0 0 ∗ αˆ2 αˆ3
2 ξmax ξmax 0 ∗ ∗ αˆ3
3 0 ξmax 0 −αˆ2 ∗ αˆ3
4 0 ξmax ξmax −αˆ2 ∗ ∗
5 0 0 ξmax −αˆ2 −αˆ3 ∗
6 ξmax 0 ξmax ∗ −αˆ3 ∗
7 ξmax 0 0 ∗ −αˆ3 αˆ2
TABLE I. QD energies ξj at each step of the braiding proto-
col described in Fig. 6, and tracking of the initial MZMs αˆi
through the transport steps. A star (∗) indicates that αˆi(t)
does not correspond to a MZM. The C3 symmetry of the tri-
junction imposes χ1 = χ2 in Eq. (14), and provides a simple
way of keeping track of the signs.
αˆ2 and αˆ3. αˆ1 plays no direct role in the exchange except
for the fact that its position is used as a storage buffer
for αˆ2. During the entire procedure, the ground state is
twofold degenerate, and higher energy levels are gapped
by an energy E′G ≥ O (min(τ, t2, ε, ξmax)) which fixes a
timescale for adiabaticity. Experimentally, ε appears to
be the smallest parameter50,51; for ε ∼ 1 µeV transport
experiments shall be performed at frequency well below
the GHz regime.
The full braiding operation after time T transfers the
MZMs as
αˆ2(T ) = −ζαˆ3 αˆ3(T ) = ζαˆ2, (21)
where we have written αˆj for αˆj(0), and where ζ = ±1
is the chirality of the braiding25; in Fig. 6 and Table I,
ζ = 1. The associated unitary time-evolution operator
is12:
Uˆ23 = exp
(pi
4
ζαˆ2αˆ3
)
=
1√
2
(1 + ζαˆ2αˆ3) , (22)
so that αˆj(T ) = Uˆ
†
23αˆjUˆ23.
7  𝛼 1 
𝛼 2 
𝜉1 
𝜉2 
𝛾 1 𝛾 2 
𝜂2 𝜂1 
24 
𝛼 3 
𝛼 4 
𝜉3 
𝜉4 
a) b) 
𝛼 1 
𝛼 2 
𝛾 1 𝛾 2 
𝛼 3 
𝛼 4 
FIG. 7. a) Circuit with 5 Kitaev wires (solid lines), and two
trijunctions (triangles) hosting six MZMs. The outer QDs
(circles) allow for parity measurements. b) The circuit breaks
down to 6 MZMs {αˆ1...4, γˆ1,2} connected to a network of 24
Majorana fermions by tunable couplings ξj , ηj .
Repeating the braiding twice results in a non-trivial
operation on the degenerate ground state:(
Uˆ23
)2
= ζαˆ2αˆ3. (23)
This is the signature of the non-Abelian statistics of the
MZMs. One recovers the initial state (up to a global
phase) only after performing the braiding 4 times.
D. Experimental demonstration of non-Abelian
statistics
The previous setup allows to braid two MZMs, but the
time-evolution operator Uˆ23 in Eq. (22) commutes with
the parity Pˆ23 = iαˆ2αˆ3. This limits the operations that
can be performed on the twofold degenerate ground space
through braiding to a dephasing between the even-parity
and odd-parity states, which cannot be measured exper-
imentally. This issue can be circumvented by increasing
the number of MZMs so that for fixed parity the ground
space is degenerate7; in the following, we propose and
discuss a setup hosting six MZMs.
We assemble 5 Kitaev wires so that they form two
trijunctions as shown in Fig. 7, panel a). With argu-
ments similar to those presented in Sec. III B, we ob-
tain that the subgap physics is composed of 6 MZMs
{αˆ1, αˆ2, αˆ3, αˆ4, γˆ1, γˆ2} connected to a network of 24 Ma-
jorana fermions by tunable couplings ξj , ηj
73 (see Fig. 7,
panel b). At the beginning two couplings are set out of
resonance, for instance ξ3 = ξ4 = ξmax. The four remain-
ing MZMs are strictly localized on {αˆ1, αˆ2, γˆ1, γˆ2}, and
the ground space is fourfold degenerate. If we define the
total parity Pˆ1122 = −αˆ1αˆ2γˆ1γˆ2, two ground states have
even parity and two have odd parity.
In Fig. 8, panel a), we show how to braid γˆ1 and γˆ2
by only tuning QD energies; even if the time-evolution
operator exp
[
pi
4 ζγˆ1γˆ2
]
commutes with Pˆ1122, the non-
Abelian statistics can be experimentally demonstrated.
The idea is to measure the parity Pˆ11 = iαˆ1γˆ1 before
and after performing two consecutive braidings of γˆ1 and
γˆ2. These two consecutive braidings amount to the op-
eration γˆ1,2 → −γˆ1,2 as in Eq. (23), and therefore imply
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FIG. 8. a) Braiding of γˆ1 (red) and γˆ2 (blue). The couplings
are modified in time, similarly to the protocol presented in
Sec. III C; dashed lines indicate that a coupling is off (QD
energy at resonance), and solid lines stand for couplings on
(QD energy out of resonance). b) Charge measurement used
to infer the parity Pˆ11 = iαˆ1γˆ1. η1 is set out of resonance, so
that the MZM initially localized on γˆ1 (red) expands over the
entire network. In particular, it acquires a nonzero component
on βˆ1, which is the second Majorana mode of the QD hosting
αˆ1 (green). The charge measured on this QD is correlated to
the parity Pˆ11, as described in Eq. (25).
Pˆ11 → −Pˆ11. Because the initial and the final Hamilto-
nians are identical, this parity switch is a signature of the
non-Abelian nature of MZMs74.
We now outline a simple protocol that gives some in-
formation about the parity Pˆ11; it is sketched in Fig 8,
panel b): starting from the initial situation with ξ3 =
ξ4 = ξmax, we adiabatically tune the energy ηj of the
three quantum dots in the first trijunction to the out-
of-resonance value ηmax. As a consequence, the MZM
initially localized on γˆ1 spreads over the entire network.
We call γˆ′1 this delocalized MZM and, because of adia-
baticity, Pˆ11 = Pˆ
′
11 where Pˆ
′
11 = iαˆ1γˆ
′
1. In particular, γˆ
′
1
acquires a nonzero component u on βˆ1, but no component
on the decoupled MZM αˆ1. As such, the measurement of
the occupation of the QD 1:
nˆ1 =
1
2
(
1 + iαˆ1βˆ1
)
, (24)
can distinguish between two parity states of Pˆ11 with an
accuracy fixed by u. More precisely, if the system is in
an eigenstate of Pˆ11 with parity p, the expectation value
of nˆ1 is (see Appendix B 1):
〈nˆ1〉p =
1
2
(1 + up). (25)
Many experimental techniques allow for this charge
measurement; for instance, it can be performed with a
quantum point contact placed nearby, or through mi-
crowave reflection75–86. Because |u| < 1, this measure-
ment does not correspond to an exact readout of the par-
ity Pˆ11, and the final state is projected into a tilted basis
8(the charge eigenstates instead of the parity eigenstates).
Therefore, the non-Abelian nature of the MZMs should
be deduced by accumulating statistics on the outcome of
the two charge measurements (before and after braiding).
In a circuit with uniform tunnel couplings τ , u saturates
at 1/
√
5, but it can be further increased by releasing this
constraint (see Appendix B 2). Alternatively, one can use
the more sophisticated measurement scheme presented in
Appendix B 3, which allows for an exact measurement of
Pˆ11. Note that these measurement schemes can also read
out parities of type iαˆjαˆk, and that they recycle the QDs
originally used for braiding into parity meters.
IV. TOPOLOGICAL QUANTUM
COMPUTATION IN QD-CONTROLLED
CIRCUITS
The setup presented in Sec. III D and sketched in Fig. 7
provides two zero-energy states for a fixed parity, which
can be used as a logical qubit. It is encoded by four
MZMs, renamed γˆ1...4 for simplicity, that are spatially
separated in the circuit: quantum information is stored
non-locally and therefore enjoys topological protection.
A representation of the logical Pauli matrices on both
parity sectors is given by:
σ¯x = −iγˆ1γˆ2 σ¯y = −iγˆ2γˆ3 σ¯z = −iγˆ1γˆ3, (26)
and we define the logical states |0¯〉 and |1¯〉 as the eigen-
vectors of σ¯z.
Manipulations of the MZMs perform quantum logical
operations, and the braiding of MZMs γˆi and γˆj with
chirality ζ = ±1 according to the protocol shown in Fig 8,
panel a) is described by the time-evolution operator:
Uˆij = exp
(pi
4
ζγˆiγˆj
)
. (27)
Braiding operations therefore implement discrete single-
qubit pi/2 rotations along the x, y and z axis of the
Bloch sphere defined by Eq. (26). A standard choice for
reaching universality is to complete them with the single-
qubit pi/8 phase gate T and the two-qubits controlled σz
gate Λ(σz).
An implementation of Λ(σz) with QD-controlled cir-
cuits is given in Sec. IV A; it is achieved using braiding
operations together with projective measurements of 4-
MZMs parities. The implementation of the T gate is dis-
cussed in Sec. IV B, and relies on magic state distillation
instead of topological protection.
A. 4-MZMs parity measurement and Λ(σz) gate
Let us consider two replicas a and b of our single-qubit
circuit. Both of them operate four MZMs, γˆa1...4 and
γˆb1...4 respectively, which encode the topological qubits
|qa〉 and |qb〉. Despite MZMs from different circuits can-
not be braided, it has been shown that a controlled σz
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FIG. 9. a) 2-qubits circuit allowing for the implementation of
a Λ(σz) gate. b) It amounts to 8 Majorana fermions coupled
to a network; 2 are gapped and serve for transport purposes,
and the 6 remaining ones store two qubits: a logical qubit
and an ancilla. c) 4-MZMs parity measurement between two
2-qubits circuits. The simple parities Pˆ a12 = iγˆ
a
1 γˆ
a
2 and Pˆ
b
12 =
iγˆb1γˆ
b
2 can be perfectly correlated with the charges qa and qb on
the neighbouring QDs. A parity meter (red bars ||) measuring
the parity of the total charge Q = qa+qb performs a projective
measurement of the 4-MZMs parity Pˆ1212 = −γˆa1 γˆa2 γˆb1γˆb2.
gate over |qa〉 ⊗ |qb〉 could be implemented only through
braiding and projective parity measurements37,39. Braid-
ing and parity readout are the natural operations one can
perform with MZMs, and together with the Λ(σz), they
implement the set of gates known as the Clifford group.
The exact scheme for a Λ(σz) gate based only on these
natural operations is shown in Appendix C; here we only
discuss its feasibility in QD-controlled circuits. In addi-
tion to on-circuit braiding and on-circuit parity readout
(implemented in Sec. III D), the procedure requires:
(i) An ancillary pair of MZMs lying on the physical
circuit of the target qubit.
(ii) Projective measurement of a 4-MZMs parity of
type:
Pˆjklm = −γˆaj γˆak γˆbl γˆbm. (28)
The ancillary pair of MZMs can be provided by increas-
ing the size of our elementary circuit: a version involv-
ing three trijunctions and 8 tunable Majorana fermions,
therefore providing 6 computational MZMs and hosting
two qubits (later called 2-qubits circuit), is sketched in
Fig. 9, panels b) and c). For simplicity, we will not distin-
guish between the control and the target qubit, and we
will store both of them on such a scaled-up circuit. The
computational MZMs are from now on γˆa1...6 and γˆ
b
1...6.
Braiding and parity readout schemes inside these circuits
is analogous to those of Fig. 8.
In Sec. III D and Appendix B, we have shown how the
parities Pˆ ajk = iγˆ
a
j γˆ
a
k and Pˆ
b
lm = iγˆ
b
l γˆ
b
m could be perfectly
correlated with the occupation number of QD aj (host-
ing γˆaj ) and QD bl (hosting γˆ
b
l ) respectively. Therefore,
measuring the total charge parity of the system made of
QDs aj and bl amounts to a projective measurement of
9Pˆ ajkPˆ
b
lm = Pˆjklm. This can be considered experimentally
if these two QDs are placed nearby (see Fig. 9, panel
a): there have been proposals for building charge par-
ity meters, either with a quantum point contact placed
between the two adjacent QDs87, or through microwave
reflection88.
B. Magic state distillation and pi/8 phase gate
A direct consequence of the Gottesman-Knill theo-
rem89 is that operations of the Clifford group are not
sufficient to implement the T quantum gate. One could
of course use unprotected operations in order to imple-
ment it, but the resulting errors would spoil the benefits
of topological quantum computation. For example, split-
ting the two logical states of a qubit in energy during a
precise period could amount to a pi/4 relative phase, and
this could be done in a QD-controlled circuit by coupling
two computational MZMs.
An efficient implementation of the T gate can still be
achieved. It relies on error correcting codes, and is known
magic state distillation38,39. Let us assume that we want
to operate the T gate on a logical qubit |q1〉, and that
we have access to a second qubit prepared in the magic
state:
|H〉 = 1√
2
(
|0〉+ eipi/4 |1〉
)
. (29)
Then, applying a proper set of Clifford gates on |H〉⊗|q1〉
(implemented in Sec. IV A) amounts to performing a T
gate on |q1〉7.
Of course, a magic state cannot be prepared with the
Clifford group, but it can be approached with good ac-
curacy by distillation protocols38,39,90–94. Such schemes
require several noisy copies {|H ′i〉} of |H〉, that can be
obtained through unprotected operations. A distillation
step consists in measuring a set of stabilizers on {|H ′i〉},
and in implementing some corresponding corrections; if
the initial error on {|H ′i〉} are small enough, the proto-
col builds a converging copy of |H〉. Importantly, the
distillation routine only relies on the Clifford group, and
can therefore be implemented in QD-controlled circuits.
In a topological quantum processor, distillation proto-
cols should run continuously in dedicated registers, so
that magic states are always available when needed for a
logical operation.
C. Scaling up
A straight-forward way of scaling up a QD-controlled
topological quantum processor is to build a network of
2-qubits circuits, each of them hosting a single logical
qubit and one ancilla (needed for the controlled σz oper-
ation). As such, two-qubit operations can be performed
on neighbouring sites through 4-MZMs parity measure-
ments, and quantum information is encoded in a sparse
 
FIG. 10. Network of 8 replicas of the 2-qubits circuit (one
logical qubit and one ancilla) presented in Sec. IV A, virtually
connected by QD charge parity meters (red bars ||). This
device amounts to a 8-qubit topological quantum processor,
and the underlying pattern can be scaled-up at will.
way, which prevents local errors from propagating. An
example of such architecture, which can virtually be ex-
tended at will, is given in Fig. 10.
V. CONCLUSIONS
Motivated by the recent experimental realization of a
nanowire hosting MZMs coupled to a single QD50,51, we
discussed a network of Kitaev’s wires coupled to tun-
able QDs where topologically-protected operations can
be achieved by solely manipulating the QDs. In partic-
ular, we described in details a trijunction with six QDs
where the non-Abelian statistics of the MZMs can be re-
vealed, and outlined ideas for scaling up the network to
more advanced purposes. These results show the excep-
tional versatility and usefulness of hybrid nanowire-QD
devices that are currently produced in laboratories.
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Appendix A: Parity switch
The effective model for the QD-wire setup is in Eq. (2),
which we reproduce here below for better readability:
HˆeffQD-K = i
(
ξ αˆβˆ + ε γˆLγˆR + τL βˆγˆL + τRαˆγˆR
)
. (A1)
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It is a quadratic form of the vector {αˆ, βˆ, γˆL, γˆR}:
HˆeffQD-K =
i
2
∑
i,j
xiAijxj , ~x
T =
(
αˆ βˆ γˆL γˆR
)
;
(A2)
where:
Ai,j =

0 ξ 0 τR
−ξ 0 τL 0
0 −τL 0 ε
−τR 0 −ε 0
 . (A3)
The condition for HˆeffQD-K to exhibit MZMs is:
0 = Det Aij = (εξ + τLτR)
2
; (A4)
and we recover the position of the parity switch given in
Eq. (3).
Appendix B: Parity readout
1. Simple readout protocol
The readout protocol proposed in Sec. III D aims at
measuring the parity Pˆ11(0) = iαˆ1(0)γˆ1(0). During a
first step, the couplings ηj of the first trijunction are
tuned out of resonance while the MZMs {αˆ1, αˆ2, γˆ2} are
kept uncoupled, so that after a time T1:
αˆ1(0) = αˆ1(T ) αˆ2(0) = αˆ2(T ) γˆ2(0) = γˆ2(T )
γˆ1(0) = uβˆ1(T ) +
∑
j
vj δˆj(T ), (B1)
where the set {δˆj(T )} stands for all Majorana fermions
of the effective model, except for {αˆ1(T ), αˆ2(T ), γˆ2(T )}
and βˆ1(T ). Therefore:
Pˆ11(0) = iαˆ1(0)γˆ1(0) (B2)
= iuαˆ1(T )βˆ1(T ) +
∑
j
ivjαˆ1(T )δˆj(T )
We now measure the occupation of QD 1. Its expecta-
tion value on a state |ψ〉 is:
〈ψ| nˆ1(T ) |ψ〉 = 1
2
(
1 + 〈ψ| iαˆ1(T )βˆ1(T ) |ψ〉
)
. (B3)
If the system is in an eigenstate |ψp〉 of Pˆ11(0) with parity
p = ±1, we can enforce the equality:
〈ψp| iαˆ1(T )βˆ1(T ) |ψp〉 = (B4)
=
p
2
〈ψp| {iαˆ1(T )βˆ1(T ), Pˆ11(0)} |ψp〉 .
In the decomposition (B2), all terms of Pˆ11(0), except for
the first one, anticommute with iαˆ1(T )βˆ1(T ). Therefore:
〈ψp|iαˆ1(T )βˆ1(T ) |ψp〉 = (B5)
=
p
2
〈ψp| {iαˆ1(T )βˆ1(T ), iuαˆ1(T )βˆ1(T )} |ψp〉
= up,
and as stated in Sec. III D:
〈ψp| nˆ1(T ) |ψp〉 = 1
2
(1 + up) (B6)
Note that the MZMs αˆ2 and γˆ2, which remain un-
coupled during the entire procedure and upon which no
measurement is performed, are not affected by this mea-
surement.
2. Accuracy
The accuracy of the previous protocol is set by the
weight u of the delocalized MZM in Eq. (B1), where |u| =
1 corresponds to a perfect measurement and |u| = 0 gives
no information about the parity (see Eq. (B6)). We have
previously set ξ3 = ξ4 = ξmax and η1 = ηmax (situation 2
of Fig. 8, panel b); in the limit ξmax, ηmax →∞, we find
the simple expression:
|u| = |r|√
5r2 + 5
, r =
ε
τ
, (B7)
which is maximal for a weakly coupled QD (r2  1) and
saturates at 1/
√
5 ≈ 0.45.
This factor actually arises from the delocalized MZM
spreading uniformly among the resonant QDs (one host-
ing αˆ1, one hosting αˆ2 and three hosting γˆ2). In princi-
ple, this spreading could be biased by taking non-uniform
physical parameters for the circuit. More precisely, if τ1,2
are the tunnel couplings of the outer QDs hosting αˆ1,2,
ε1,2 the energy splittings of their adjacent Kitaev wires,
τ0 the tunnel coupling of the inner QDs to the wires and
ε0 the energy splitting of the central wire, then in the
same limit ξmax, ηmax →∞:
|u| = |r1|√
r21 + r
2
2 + 3r
2
0 + 5
, rj =
εj
τj
, (B8)
and |u| = 1 in the limit where only the QD 1 is weakly
coupled.
3. Exact parity measurement
An intuitive idea for reading out the parity of a topo-
logical system consists in splitting the even, and odd
states in energy and then performing some spectroscopic
measurement. If one can turn the existing QDs of the sys-
tem into a spectrometer, exact parity readout is achieved
without any additional cost. Such a protocol was put for-
ward in Ref. 71, where Rabi oscillations between a QD
and a Kitaev wire are used to determine the parity of the
degenerate ground state.
Let us start with situation 2 of Fig. 8 (b), where the
MZMs of the system are described by Eq. (B1). Adiabat-
ically tuning ξ1 out of resonance introduces a coupling
between αˆ1(T ) and βˆ1(T ), and therefore splits the two
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parity states in energy. Tuning it further away up to the
limit ξ1 = −∞, still adiabatically, charges the QD 1 and
effectively uncouples it from the rest of the system: eigen-
states of the total effective model are eigenstates of nˆ1.
At this point, the two parity eigenstates have been split
by an energy 2ε0, which we assume to be much smaller
than the other non-zero energy states of the Hamiltonian.
The energy of QD 1 is quickly set at ξ1 = −ε0, allowing
for Rabi oscillations between the QD and the rest of the
system thanks to the coupling term:
Hˆτ = iτ βˆ1γˆL1 . (B9)
Importantly:
(i) The Hamiltonian is still twofold degenerate because
of the MZMs αˆ2 and γˆ2, but as they are strictly
localized onto their respective QDs, they do not get
coupled by Hˆτ .
(ii) The Majorana modes defining the parity eigenstate
have a non-zero component u on γˆL1 , so that they
get coupled to the QD 1.
(iii) We assume that all other energy levels are sepa-
rated from ±ε0 by an energy much larger than τ , so
that spurious subgap states are effectivelly uncou-
pled from the dot.
With these conditions, the dynamics is reduced to Rabi
oscillations occurring between the QD 1 and the parity
eigenstate. In the Fock basis associated to this subspace,
the Hamiltonian reads64,71:
HˆRabi =
(
|00〉
|11〉
)T (
0 uτ/2
uτ/2 ε0 + ξ1
)(
〈00|
〈11|
)
(B10)
+
(
|01〉
|10〉
)T (
ε0 uτ/2
uτ/2 ξ1
)(
〈01|
〈10|
)
.
Having tuned ξ1 = −ε0 sets the Rabi process |00〉 ↔ |11〉
on resonance, while |01〉 ↔ |10〉 is out of resonance. We
assume that the QD is weakly coupled to the wire, that
is (uτ)2  ε20, so that this second process is completely
suppressed.
Because the QD was initially charged, the system
starts either in state |10〉, and its dynamics is frozen,
or in state |11〉, and it undergoes full Rabi oscillations
with |00〉 at a frequency ω0 = uτ/2. Therefore, after half
a Rabi oscillation, a charge measurement on the QD can
perfectly distinguish between the initial parity states. At
this precise moment, the QD energy is quickly tuned out
of resonance: the QD charge has been perfectly corre-
lated with the parity we need to measure, and can now
be read out by charge sensing, or be used in a 4-MZMs
parity measurement (see Sec. IV A).
The significant advantage of this method is that the
accuracy no longer saturates at 1/
√
5 in the limit of a
weakly coupled QD, essentially because QD 1 plays a
privileged role. Also, the constraint of a weakly coupled
QD can in principle be further released. If the Rabi pro-
cess |01〉 ↔ |10〉 cannot be suppressed, it will occur with
an detuned frequency ω1 =
√
ε20 + (uτ)
2; if the two Rabi
processes are in perfect phase opposition at a time T1,
both parities can perfectly be distinguished. This can
be ensured by adjusting ηmax so that ω1/ω0 becomes a
rational ratio.
Note however that this parity readout operation is not
protected: an error in the duration of the Rabi oscil-
lations will unavoidably result into an tilted projection
basis.
Appendix C: Clifford-based Λ(σz) gate
Here we reproduce an algorithm introduced in Refs 37
and 39. We want to implement a Λ(σz) gate on two
topological qubits |qa〉 and |qb〉 built on γˆa1...4 and γˆb1...4
respectively. If |qa〉 is the control qubit and |qb〉 the tar-
get, the controlled σz gate is:
Λ(σz) = exp
(
i
pi
4
(I − σ¯az )(I − σ¯bz)
)
(C1)
In terms of MZMs (see Eq. (26)):
Λ(σz) =e
ipi/4exp
(
−pi
4
γˆa1 γˆ
a
3
)
exp
(
−pi
4
γˆb1γˆ
b
3
)
(C2)
× exp
(
−ipi
4
γˆa1 γˆ
a
3 γˆ
b
1γˆ
b
3
)
The first two operations represent on-circuit braidings
(see Eq. (27)), which have already been discussed. We
focus on the implementation of the four MZM gate:
U (4) = exp
(
−ipi
4
γˆa1 γˆ
a
3 γˆ
b
1γˆ
b
3
)
(C3)
We assume that an ancillary pair of MZMs γˆb5 and γˆ
b
6 lies
on circuit b, and that it has been initialized in state |0〉
so that:
(γˆb5 + iγˆ
b
6) |ψ〉 = 0, (C4)
where |ψ〉 is the initial wave function of the entire com-
putational subspace.
We first measure the 4-MZMs parity Pˆ1335 =
−γˆa1 γˆa3 γˆb3γˆb5 (demonstrated in Sec. IV A), and depending
on the output p1 = ±1, the initial wave function gets
projected by:
Π
(p1)
1 =
1
2
(
1− p1γˆa1 γˆa3 γˆb3γˆb5
)
. (C5)
We then measure the on-circuit parity Pˆ b15 = iγˆ
b
1γˆ
b
5. An
outcome p2 = ±1 amounts to the projector:
Π
(p2)
2 =
1
2
(
1 + p2γˆ
b
1γˆ
b
5
)
. (C6)
Then, depending on the measured parities p1 and p2,
corrective on-circuit braidings are performed so that the
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final outcome amounts to applying U (4). More pre-
cisely, if the four possibilities for the projective mea-
surements are Π
(p2p1)
21 = Π
(p2)
2 Π
(p1)
1 , with correspond-
ing outcomes (p2, p1) ∈ {++,+−,−+,−−}, these cor-
rections are given by the four possible expansions:
exp
(
−ipi
4
γˆa1 γˆ
a
3 γˆ
b
1γˆ
b
3
)
|ψ〉 = (C7)
= 2exp
(
−pi
4
γˆb1γˆ
b
6
)
Π++21 |ψ〉
= 2iexp
(pi
2
γˆa1 γˆ
a
3
)
exp
(pi
2
γˆb1γˆ
b
3
)
exp
(
−pi
4
γˆb3γˆ
b
6
)
Π+−21 |ψ〉
= 2iexp
(pi
2
γˆa1 γˆ
a
3
)
exp
(pi
2
γˆb1γˆ
b
3
)
exp
(
+
pi
4
γˆb3γˆ
b
6
)
Π−+21 |ψ〉
= 2exp
(
+
pi
4
γˆb1γˆ
b
6
)
Π−−21 |ψ〉
where the condition (C4) has been used.
In the end, the ancillary pair of MZMs γˆb5,6 is un-
changed; however, it was essential for the practical im-
plementation of the gate.
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